To establish the effectiveness of a new phytosterol-containing spread derived from rice bran oil (RBO), a randomised, double-blind, crossover human clinical trial was conducted over 12 weeks. A total of eighty mildly hypercholesterolaemic (total blood cholesterol level $5 and # 7·5 mmol/l with a serum TAG level of # 4·5 mmol/l) individuals were randomised into two groups (n 40). Group 1 consumed spread only daily for 4 weeks. They were randomised to consume 20 g RBO spread (RBOS), 20 g standard spread (SS) or 20 g phytosterol-enriched spread (PS). After a 4-week period, individuals changed to the next randomised treatment until all three treatments had been consumed. Group 2 consumed spread plus oil daily for 4 weeks. They consumed 20 g RBOS plus 30 ml RBO, 20 g SS plus 30 ml sunflower oil or 20 g RBOS. Blood samples were collected for the analysis of lipid parameters, and 3 d diet records were collected. Compared with SS, RBOS significantly reduced total cholesterol by 2·2 % (P¼ 0·045), total cholesterol:HDL by 4·1 % (P¼0·005) and LDL-cholesterol by 3·5 % (P¼0·016), but was not as effective overall as PS, which reduced total cholesterol by 4·4 % (P¼ 0·001), total cholesterol:HDL by 3·4 % (P¼0·014) and LDL-cholesterol by 5·6 % (P¼ 0·001). In group 2, the addition of RBO to the RBOS produced no differences in cholesterol levels. These results confirm that RBOS is effective in lowering serum cholesterol when consumed as part of a normal diet.
LDL-cholesterol (LDL-C) is now identified as the primary target for the clinical management of CHD risk, and forms the basis of the US National Cholesterol Education Programme (1) . Dietary incorporation of plant sterols is a recommended therapeutic approach within the National Cholesterol Education Programme to control circulating LDL (2) . These naturally occurring plant compounds are structurally and functionally similar to cholesterol, allowing them to displace cholesterol in the mixed micelle and reduce intestinal cholesterol absorption, although the exact mechanism of action is not yet elucidated (3) . Recent research has suggested that plant sterols may produce up to a 15 % reduction in plasma LDL-C at a dosage of 2 g/d without any reported side effects (4) . The most abundant plant sterols are the 4-desmethyl sterols comprising sitosterol, stigmasterol and campesterol, and levels in the typical Western diet are thought to be approximately 100-300 mg sterols and 20 -50 mg stanol (the hydrogenated form of sterols)/d; consequently, some form of supplementation is required to provide the recommended daily dosage (4, 5) . In the 'free' unesterified form, plant sterols are hydrophobic and have limited solubility; thus, plant sterols currently incorporated into foods are esterified to unsaturated fatty acids (creating sterol esters), increasing lipid solubility and the ability to incorporate these compounds into fatbased foods. Plant sterol-enriched spreads are a popular vehicle for the delivery of these compounds, and functional foods of this nature have been available to consumers worldwide since 1995 (6 -8) . They have been widely studied for their influence on LDL-C lowering, producing consistent reductions of 9 and 15 % without any reported side effects (7, 9, 10) . Vegetable oils such as maize, soyabean, safflower, sunflower and rapeseed are most commonly used as a base of these functional plant sterol-based spreads; however, rice bran oil (RBO) is now emerging as an effective alternative for vegetable oils both in the manufacture of these spreads and as an everyday cooking oil (11) . Rice bran is a by-product of the rice milling industry, separating from the white portion of the rice in the polishing process. Human consumption has been traditionally limited because of the bran's instability and the rapid onset of rancidity produced by a high lipase activity in the bran causing deterioration of the lipids (12) . However, improved oil extraction methods have reduced this problem, and in Asian countries such as Japan, China, Korea and Thailand, RBO consumption has increased (13) . Studies have verified that RBO demonstrates the ability to lower LDL-C levels to an equal if not better standard than other vegetable oils, and this effect is largely attributed to the unusually high levels of unsaponifiable material found in RBO (14) . This is composed of plant sterols, triterpene alcohols, ferulic acid esters (g-oryzanol) and vitamin E isomers (tocopherols and tocotrienols). In addition, RBO contains up to 20 % SFA and equal amounts of MUFA and PUFA (11) . Collectively, these components confer reputed health benefits to RBO that include antioxidant potential, improved lipid metabolism, anti-cancer action, anti-atherogenic action and improved immune function (15) . The oil is also attractive to consumers, having a mild flavour and high smoking point, making it suitable for use in many cooking methods and importantly, no adverse effects have been reported. The potential availability of this product is high, as rice is a major cereal crop in many countries; thus, interest in this product is increasing (16) .
The aim of the present study was to determine the effect of including a spread based on RBO that may have LDL-C-lowering ability, into the daily diet. We aimed to establish its potential compared with standard polyunsaturated spreads and other commercially available plant sterol-containing spreads. Additionally, we examined whether any cholesterollowering activity could be enhanced by including a supplementary serving of the corresponding base oil of the spreads to the diet, as we envisaged that this may mimic consumer behaviour when aiming to achieve maximum benefit from the plant sterol-containing product.
Methods

Participants
Participants were recruited through advertisements and articles in the local Christchurch (New Zealand) newspapers. Eligible participants were healthy and aged between 30 and 65 years with a BMI of ,35 kg/m 2 . Total cholesterol (TC) levels were required to be $ 5 and #7·5 mmol/l, with serum TAG levels below 4·5 mmol/l. Participants were required to have normal glucose tolerance with fasting blood glucose levels of #6·1 mmol/l and were not eligible if they were smokers, had a history of diabetes or were taking lipid-lowering medication or other medication likely to affect lipid metabolism. Other exclusion criteria included renal, hepatic, cardiovascular, endocrine, gastrointestinal or other systemic disease; any known blood-borne disease, untreated hypertension, pregnancy, history of substance abuse including alcohol abuse, extreme dietary habits or food allergies and extreme exercise regimens. Participant demographic characteristics are shown in Table 3 . The present study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving human subjects were approved by the Canterbury Upper South A Ethics Committee. Written informed consent was obtained from all subjects.
Experimental design
The study was a randomised, double-blind, cross-over trial of two dietary interventions based on consuming plant sterolbased spread and oil products. A total of eighty individuals were randomly assigned to one of two groups (n 40).
Group 1 was asked to substitute RBO spread (RBOS) for their usual spread, while group 2 was asked to include both spread and the corresponding oil on which the spread was based. All participants were asked to exclude any plant sterol-containing products from their diet for at least 3 weeks before the start of the trial. This included avoiding any commercially available plant sterol-based spread plus RBO and any products based on this oil. Participants were given one-on-one interviews at the point of screening to discuss the dietary implications of this requirement. Baseline measurements were taken before allocation of the first intervention. Participants were asked to complete an estimated 3 d diet record of their usual dietary pattern and were asked to use three non-consecutive days including one weekend/ non-working day. They were also given a colour picture booklet to help their estimation of food portion sizes. Fasting venous blood samples were collected on two occasions on non-consecutive days for the determination of blood glucose, TC, LDL-C, HDL-cholesterol (HDL-C), TC:HDL-C and TAG. Height, weight and blood pressure measurements were also collected. With the exception of blood glucose, individual measurements of lipid levels, blood pressure, height and weight were repeated at the end of each intervention stage.
Group 1 (n 40) was then assigned to the spread-only group. The participants were randomised by an independent statistician using a Microsoft EXCEL randomisation procedure to consume either 20 g RBOS daily for 4 weeks, 20 g standard spread (SS) daily for 4 weeks or 20 g phytosterol-enriched spread (PS) daily for 4 weeks. At the end of each 4-week period, individuals changed to the next treatment within their group. No washout period was included because the length of each treatment period was 4 weeks, which provided enough time for the stabilisation of lipid levels even after a change in dietary intake. Phytosterol levels delivered in the 20 g amounts were as follows: RBOS, 118 mg phytosterol and 30 mg g-oryzanol; PS, 1600 mg phytosterol; SS, 0 mg phytosterol. Group 2 (n 40) was allocated to the spread plus oil group and consumed 20 g RBOS plus 30 ml RBO daily for 4 weeks, 20 g SS plus 30 ml sunflower oil daily for 4 weeks or 20 g RBOS daily for 4 weeks. At the end of each 4-week period, individuals changed to the next treatment within their group. Phytosterol amounts delivered in these amounts were as follows: RBOS, 118 mg phytosterol and 30 mg g-oryzanol; RBO, 222 mg phytoterol and 150 mg g-oryzanol. Fig. 1 shows a schematic of the trial design.
Participants were required to use the trial products as a replacement for any spread/spread products already included in their everyday diet and were asked not to exceed the specified amounts. Participants were given identical sets of measuring spoons to measure out the correct amount of spread and oils each day. In all other aspects, individuals were required to maintain their normal dietary intake patterns and encouraged to keep their lifestyle, such as levels of physical activity, constant throughout the study. At each visit to the clinic, participants were given one-on-one interviews and asked to highlight any concerns relating to the study and any changes to their normal daily routines. Individuals were asked to report any sickness or commencement of new medication and changes to physical activity levels.
From each individual, four 3 d diet records and eight blood samples were collected. Blood pressure, height and weight measurements were collected on every clinic visit, following each intervention period, totalling four measurements in all. There were no washout periods during the study.
Study products
The composition of the spreads and oils used in the present study is shown in Tables 1 and 2, respectively. The RBOS and oil were manufactured by Old Fashioned Foods Limited, Auckland, New Zealand, and the SS and PS were manufactured by Unilever, Minto, NSW, Australia. Sunflower oil was manufactured by Tasti Products Limited, Auckland, New Zealand.
All products were packaged in identical unmarked tubs or oil bottles and given unique identifier codes by an independent individual to ensure blinding to both researchers and participants. The codes were revealed after the completion of the trial.
Blood collection and analysis
Fasting blood samples were collected into tubes containing heparin for lipid analysis and tubes containing fluoride/oxalate for glucose analysis. Following collection, blood samples were centrifuged at 3000 g for 10 min, and serum samples were removed and frozen at 2208C for subsequent analysis at Canterbury Health Laboratories (Christchurch, New Zealand). TC was measured using enzymatic cholesterol oxidase and Abbott reagent on an Aeroset/c8000 analyser. HDL-C was analysed using enzymatic Roche reagent on an Aeroset/ c8000 analyser. TAG was measured using enzymatic hydrolysis of TAG with Abbott reagent on an Aeroset/c8000 analyser. LDL-C was calculated by difference using the Friedewald equation (17) . Calculation of LDL-cholesterol is an approximation and is invalid in the presence of VLDL. Therefore, Participants randomly assigned to consume each of three dietary interventions for a 4-week period. Following each intervention measurements were made of height, weight, blood pressure, total cholesterol, LDL-C, HDL-C, total cholesterol:HDL-C, TAG. Three-day diet records were also collected 4 weeks RBOS (20 
LDL-C was only calculated if the TAG measurement was less than 4·5 mmol/l (Canterbury Health Laboratories).
The results presented for lipid analysis are the mean values of the two individual measurements taken 48 h apart. Blood glucose measurements were obtained via an enzymatic method using glucose hexokinase and an Aeroset/c8000 analyser (Abbott Clinical Chemistry, Auckland, New Zealand).
Diet record analysis
Dietary intake was assessed by estimated diet records completed on three non-consecutive days (including one weekend/non-working day). Detailed instructions for filling out the record were given to each participant (the records and photographic assessment records were purchased from the Department of Human Nutrition, Otago University, Dunedin, New Zealand). Records were completed at baseline and at the end of the first, second and third intervention periods. Nutrient intakes were analysed using the New Zealand database of Foodworks professional, version 4, 2005 (Xyris Software, Highgate Hill, QLD, Australia) based on the 1999 New Zealand food composition data from the New Zealand Institute for Plant and Food Research Limited (Christchurch, New Zealand) (18) .
Statistical analysis
Standard descriptive statistics, including means and standard deviations, were used to summarise plasma and diet data for the entire cohort of seventy-five individuals who completed the study (see below), and separately for the two groups of thirty-nine (group 1) and thirty-six (group 2). A total sample of forty in each group in this cross-over design enabled effect sizes of .0·45 to be detected as statistically significant (two-tailed a ¼ 0·05) with 80 % power. Comparisons of the three cross-over interventions were undertaken within each of the two groups and utilised repeated-measures ANOVA to test for statistical significance. Where significant treatment effects were detected, planned pairwise comparisons were undertaken between treatments ( post hoc analysis). The appropriateness of the parametric ANOVA models was confirmed by visual inspection of residual plots from the models to confirm normality. Data were also analysed for any effect arising from the order in which participants received each treatment.
Results
Of the eighty individuals who initially agreed to participate, seventy-five completed the 12-week study. The five individuals who withdrew from the study were two males and three females: three developed illness unrelated to the study product and two had an unforeseen change in circumstance. No adverse effects related to the treatment spread were noted over the course of the study. Compliance with consuming the trial products was reported to be greater than 90 % as assessed by self-completed check sheets. Table 3 demonstrates the baseline characteristics of the study population.
No significant differences were detected in BMI, with the exception of results from the treatment of RBO plus RBOS, which produced a reduction of 0·22 from baseline (26·83-26·61) achieving a low level of significance (P¼ 0·04). Additionally, no significant differences were detected in systolic or diastolic blood pressure throughout the study.
Changes in serum lipoprotein status were observed for participants in the spread-only group when consuming RBOS and PS. Both products produced significant changes in TC, TC:HDL-C and LDL-C levels. No changes were observed for HDL-C or TAG. The results are presented in Table 4 .
Within group 1, RBOS reduced TC by 2·2 % compared with a 4·1 % reduction with PS. However, RBOS produced a greater reduction (4·1 %) in the TC:HDL ratio (P¼0·005) than the PS (3·4 %, P¼ 0·01), in addition to reducing LDL-C by 3·5 % compared with SS. PS produced a 5·6 % reduction in LDL-C compared with SS within the spread-only group.
In group 2, the effect of consuming additional amounts of the corresponding base oil to the spread was tested on the basis that increasing the intake of plant sterols would increase the reduction in cholesterol. However, in this group, we did not observe any reductions in any cholesterol levels (Table 5 ). 
Dietary information
Participants were asked to complete four 3 d diet records over the course of the trial, one at baseline and one after each treatment. Characteristics of the dietary variables from these diet records are shown in Tables 6 and 7 .
Dietary intake differences from baseline dietary intake and between treatments
Dietary records were analysed for an average of the total energy consumed over each 3 d period recorded in each of the three treatment phases in each section of the trial. Average intakes of each macronutrient over the 3 d period were then calculated as a percentage of the total energy.
Total energy
There were no significant differences from baseline dietary intake (defined as dietary intake before beginning the dietary intervention) detected in total energy intake for participants when consuming RBOS (P¼0·422). However, when consuming PS and SS, total energy intake decreased significantly by 9·3 % (P¼0·008) and 10 % (P¼0·003), respectively. In group 2, the effect of substituting habitual spread intake with the trial spread products plus the corresponding oil showed varying responses. The treatment of SS plus sunflower oil resulted in no significant changes from baseline (P¼0·089), but there was a significant increase of 10 % (P,0·001) in total energy observed during the treatment of RBOS plus RBO. During the intervention stages, there were no significant changes in total energy as a result of any of the treatments except between the RBOS treatment section and the RBOS plus RBO treatment section. The RBOS plus RBO treatment section resulted in the participants showing a significant increase in total energy of 8·2 % (P¼0·004) from that observed with RBOS.
Carbohydrate as a percentage of total energy
No significant changes were observed from baseline in carbohydrate intake during the RBOS (P¼0·284), PS (P¼0·795), SS (P¼0·162) or RBOS plus RBO (P¼ 0·685) treatment. A significant decrease in the carbohydrate intake as a percentage of energy of 11·5 % (P,0·001) from baseline was observed during the treatment with SS plus sunflower oil. There were no significant differences detected in carbohydrate intake between the treatment sections, except for between the RBOS plus RBO treatment and the SS plus sunflower oil treatment, which resulted in a decrease in the carbohydrate intake of 9·8 % (P¼0·04).
Protein as a percentage of total energy
No significant changes were observed from baseline during the RBOS (P¼0·93), PS (P¼ 0·287) or SS (P¼ 0·405) treatment.
Significant decreases in protein intake as a percentage of energy of 11·0 % (P¼0·008) were observed with the SS plus sunflower oil treatment, and of that 14·6 % (P, 0·001) with the RBOS plus RBO treatment. Protein intake remained constant between all treatments, except between treatment with the RBOS and the RBOS plus RBO treatment, where a decrease of 6 % (P¼0·01) was demonstrated.
Total fat intake as a percentage of total energy
Significant changes from baseline were not observed during any of the treatment phases in the spread-only group, although a trend towards an increase in total fat was demonstrated (RBO, P¼0·07; PS, P¼0·07; SS, P¼0·08). For all other treatments, fat intake as a percentage of energy increased significantly: SS and sunflower oil resulted in an increase of 13·6 % (P,0·001), and RBOS plus RBO treatment resulted in 
Saturated fat intake as a percentage of total energy
Treatment with RBOS, PS and SS did not result in any significant changes in saturated fat intake as a percentage of energy from baseline (P¼ 0·24, 0·087 and 0·73, respectively). Additionally in group 2, no significant differences from baseline were observed (RBOS plus RBO, P¼0·37; SS plus sunflower oil, P¼0·36; RBOS, P¼ 0·34). The saturated fat content of the diets also remained constant in all treatments.
Monounsaturated fat intake as a percentage of total energy
Treatment with PS resulted in a significant increase of 15 % in monounsaturated fat (P, 0·001). Similarly, rises of 15 % were shown with RBOS and RBO (P,0·001) and SS and sunflower oil (P, 0·01). Between treatment arms, a significant increase of 20 % (P, 0·001) was observed during the RBOS and RBO and SS and sunflower oil phases when compared with the RBOS only.
Polyunsaturated fat intake as a percentage of total energy
Significant increases from baseline were observed in all treatments for polyunsaturated fat intake as a percentage of total energy: RBOS of 27 % (P#0·001); PS of 21 % (P, 0·001); SS of 28 % (P, 0·001); SS plus sunflower oil of 39 % (P, 0·001) and RBOS plus RBO treatment of 38 % (P, 0·001). Between treatments, no significant differences were observed. 
Dietary cholesterol intake
Discussion
The and LDL-C (5·6 %), but was observed to contain 81 % more phytosterol than RBOS. This suggests that while consumption of RBOS did not result in as much lowering of LDL-C when consumed on a weight-for-weight basis as PS, it still provided a significant reduction, which may be of clinical relevance when it is considered that a 1 % reduction in LDL-C can result in a 2 % reduction in CHD (19) . When the relative amounts of plant sterols provided by RBOS are taken into consideration (RBOS, 118 mg phytosterol and 30 mg g-oryzanol; PS, 1600 mg phytosterol), it appears that consuming the RBO product resulted in a greater proportional reduction than PS. This may be due to the other portions of the unsaponified fraction found only in RBO. The presence of g-oryzanol, tocotrienols and tocopherols and other minor constituents such as squalene and phenolic compounds, in addition to plant sterols, has been shown to elicit strong hypercholesterolaemic properties in several studies (20) , and it is possible that these extra components had some effect on the reduction in serum cholesterol parameters observed in this section of the trial. Furthermore, the ability of RBOS to reduce the TC:HDL concentrations to a greater level than the PS (4·2 v. 3·4 %) may be indicative of further health benefits that can be attributed to this product. Elevated plasma TAG levels are a significant independent risk factor for the development of CHD and are also inversely correlated with HDL-C levels. A high TAG:HDL ratio also correlates with LDL phenotype B, small HDL particles and insulin resistance, making it an important component of the metabolic syndrome and thus a factor in morbidity and mortality (21, 22) . The ability of RBOS to reduce this ratio demonstrates that the regular consumption of products enriched with plant sterols may affect other lipid variables in addition to LDL-C lowering that requires clarification with long-term randomised, placebo-controlled trials. Recent studies involving plant sterols (23, 24) have suggested that low doses may be effective in lowering LDL-C. Racette et al. (23) demonstrated a dose-dependent effect of plant sterols using a placebo-controlled clinical study to show that while doses of up to 2000 mg/d produced a significant reduction in LDL-C, moderate doses of plant sterols (459 mg/d) can also result in the reduction of serum LDL-C of up to 5 %, and that these doses are obtainable using a healthy diet without supplementation. Additionally, Escurriol et al. (24) showed that the addition of 158 mg/d plant sterols to individuals consuming the Mediterranean diet by supplementation with nuts can result in significant reductions (8·4 %) of LDL-C. The present study supports the fact that effective reductions of LDL-C can be achieved with much smaller plant sterol intakes (approximately 150 mg/d), which are similar to doses already consumed by individuals living in Western populations as part of their typical daily intake, suggesting that products derived from RBO may provide an option for lowering the levels of supplementation from the 2 g/d advised by the National Cholesterol Education Programme while still providing an effective reduction in serum cholesterol parameters. As an intervention strategy, a lower dose of plant sterol supplementation would not be recommended for individuals with higher LDL-C levels, as it is evident that doses of 2 g/d provide optimal LDL-C-lowering protection. It may, however, provide a significantly cost-effective method for those individuals with mildly elevated LDL-C levels, not only since RBO is produced as a by-product of rice milling and is therefore relatively cheap to produce, but also because phytosterol supplementation as a therapy for reduction of CHD is significantly less expensive than traditional pharmacological treatments (25, 26) . The addition of higher levels of plant sterols to food products affects its retail price. RBO, with its innate plant sterols, provides the manufacturers and thus consumers with an effective, lower-cost and alternative source of phytosterol that can provide a long-term nonpharmacological treatment strategy for the reduction of cholesterol when included in daily food intake. Additionally, the vitamin E isomers and g-oryzanol also present in the RBOS may confer additional health benefits, particularly antioxidant activity, which has been credited to these compounds in several studies (19,27 -29) . Further research to identify other health benefits of RBO would be beneficial, for example, studies examining the possible anti-inflammatory action of g-oryzanol on markers of CHD risk and possible antioxidant properties exerted by the vitamin E isomers present in the unsaponified fraction.
The results of this trial are consistent with those shown by other studies investigating the effect of plant sterols on cholesterol. Numerous human intervention trials have reported that a daily consumption of 1·5-3 g of plant sterols/stanol can reduce TC by 8 -15 % (4, 9, 11) . The mechanism of action of plant sterols in products such as the PS used in this trial is not fully understood, but is based on the inhibition of the absorption of dietary and endogenously produced cholesterol because of the similarity in physical structure borne by plant sterols (19) . This similarity allows plant sterols to compete with cholesterol for space in the mixed micelle, which has limited capacity, resulting in less cholesterol being absorbed. Plant sterols may also reduce the esterification rate of cholesterol in the enterocyte and thus the amount of cholesterol excreted via the chylomicrons, or limit transmembrane transport by their presence in the unstirred water layer or other mucosal barriers (30 -32) .
The cholesterol-lowering effects observed in the present study were independent of the diet normally consumed by the participants, as demonstrated in previous studies (33, 34) , suggesting that the effects of these products may be greater if consumed as part of a healthy diet, low in saturated fat and cholesterol and high in vegetables, fruits and whole grains (35) .
In addition to the group of participants consuming spread only, the second section of this trial included a group of individuals consuming RBOS along with RBO. It was hypothesised that the increase in the intake of plant sterols (340 mg/d as opposed to 118 mg/d) may further increase the cholesterollowering effect. There were no significant changes in any serum lipid parameters for any of the participants in this part of the study. The RBOS alone did not replicate the reduction in cholesterol parameters that was demonstrated in the spread-only section of the trial. As yet, we have no satisfactory explanation for this.
It is possible that the addition of RBO to the RBOS may not have been effective because of the higher level of dietary fat provided by the addition of the oil to the diet. It is well documented that high levels of SFA in the diet can increase serum total and LDL-cholesterol (36, 37) . However, examination of the dietary information generated from these participants did not support this theory. The dietary intake data indicated that during the study, participants' total dietary fat intakes were about 34 % for the spread-only group. Significant increases were observed during the treatment period in the SS plus sunflower oil treatment group (P#0·01) and the RBOS plus RBO treatment group (P#0·001). However, closer examination of the intakes of individual fatty acids showed that the levels of saturated fat intake decreased compared with baseline values taken before the intervention, and the rise in total fat was attributable to a significant increase in monounsaturated and polyunsaturated fat, both of which are reported to have favourable effects on LDL-C profiles (38) . The significant increase in PUFA may have been expected to contribute to the reductions of LDL-C, as rigorous clinical testing of these fatty acids has shown that PUFA (especially linoleic acid, 18 : 2) are potent total and LDL-C-lowering nutrients, although they demonstrate little effect on HDL-C levels (39) . Similarly, other studies (40) have shown that MUFA are also effective at lowering plasma LDL-C, although these fatty acids do not appear to be as effective at lowering TAG levels. In the present study, however, it appears that the LDL-C-lowering effect can be attributed to the phytosterol content of the RBOS and PS, as consumption of the sunflower spread alone did not result in a reduction of plasma LDL-C despite having greater PUFA content than both the RBOS and PS. There may have been a greater effect from these fatty acids if the reduction of SFA in the diet had been greater, as their lipid-lowering potential is observed in studies where the PUFA and MUFA content have been used to replace the SFA content of the diet.
Potentially, it is also possible that any effect of an increase in total energy and fat intake during the spread and oil treatment of the trial may have been negated by physiological changes during the digestive process. Dietary fat entering the small intestine results in the stimulation of gut peptides, which control the satiety and food intake. The peptide cholecystokinin signals the gall bladder to produce bile, resulting in the emulsification of fat into micelles and subsequent digestion via lipase enzymes from the pancreas and small intestine (41) . It may therefore be possible that the higher levels of dietary fat intake were compensated for by an increase in bile production and fat emulsification contributing to the null findings from the RBOS and RBO. Additionally, although there were some significant differences between macronutrient intakes during some of the different interventions, there were no apparent trends that would imply that the nutrient content of the background diet was responsible for the lack of a cholesterol-lowering effect. Compliance of the participants in consuming the products in this part of the study may also have been underestimated, as the volume of spread and oil supplied for consumption was reported by the participants to be much more than those individuals would normally eat. The reliance on self-reporting as a measure of compliance is a major limitation of the present study.
The way the oil products were used may also have been a contributing factor to the lack of a hypercholesterolaemic effect. Although some individuals reported consuming the oil as a stand-alone product, a majority used the oil for cooking. Studies have shown that although heat treatment may only confer a modest reduction in the levels of plant sterols, the concentration of phytosterol oxides increases (42) . These oxidative products may interact with lipids, carbohydrates and proteins present in food matrices that may mask small changes in lipid parameters, and thus have a subsequent effect on phytosterol stability, absorption and health attributes. Further research in this area is required to evaluate the effects of phytosterol oxides (42) .
Participants in the present study were randomly assigned using a simple randomisation technique by the statistician to the spread-only group or the spread plus oil group. While it appears from Table 3 that the treatment groups were similar in terms of all relevant participant characteristics (particularly lipoprotein profiles), the present study may have benefited from using a stratified randomisation to ensure that there was no possibility of any characteristic influencing response to treatment. A major proportion of the population group were female (fifty-three v. twenty-seven). Differences in lipoprotein metabolism between the sexes are well documented, with women showing a faster rate of fat transport in the blood stream and greater responses to high-fat/high-carbohydrate diets in terms of TAG response and lack of LDL-C lowering, which ultimately is thought to translate to a greater risk of CVD for women linked to these abnormalities (43, 44) . However, studies examining the differences in sex-specific responses to individual fatty acids have shown that female and male subjects show similar plasma lipid responses to dietary fat (45) and, furthermore, sex differences in plasma cholesterol-lowering response to phytosterol feeding have not been reported in the literature (46, 47) . The sex imbalance among the participants in the present study was therefore not thought to be detrimental to the results of the study, although it is acknowledged that this area is unexplored and is possibly a very important area of investigation.
The study may have benefited from the inclusion of a washout period between treatments. Washout periods are included to remove any possible carry-over effects from the first treatment period into the second treatment. We decided not to include a washout period between treatment sections, as the length of each treatment was 4 weeks, which provided enough time for the stabilisation of lipid levels even after a change in dietary intake. Previous studies (48, 49) have shown that plasma lipid levels stabilise within 2 -3 weeks after dietary changes are made. Additionally, with respect to increasing systemic levels of plant sterols that may have resulted from a lack of washout, a recent study (50) has shown that high daily intakes of plant sterols (8·8 g/d) result in comparable low levels in serum to doses of 2 -3 g/d and that the levels are normalised within 4 weeks, suggesting that high doses of these compounds do not result in increased long-term systemic availability. Nguyen (51) has also shown that changes are rapid following the initiation of plant sterol usage into the diet, and maximum changes occur after 2 weeks. It is acknowledged, however, that the exact mechanism of action of plant sterols is not yet fully understood and that in addition to the effect on mixed micellar composition, changes have also been observed at a genetic level through the activation of liver X receptor-regulated genes in the liver (52) . Thus, any long-term effects from changes at the genetic level were not accounted for in the present study, and possible effects induced by the prolonged exposure to plant sterols via this mechanism add to the limitations of the present study. The inclusion of a washout period in the present study would have increased the length of the study and may have led to lowered participant compliance and a greater number of withdrawals from the study, which may also have adversely affected the results.
A further complicating issue relates to the variation in blood cholesterol concentrations that occurs daily within individuals, ranging from 5 to 10 % as a consequence of a number of factors, including dietary intake, alcohol consumption, menstrual cycle fluctuations, hydration status, illness and physical activity (53) . While every effort was made to standardise the collection of blood samples and account for these factors (taking two fasting samples with at least 24 h in between, at the same time of day, and monitoring dietary intake through dietary intake records, and changes in activity levels through face-to-face interviews during clinic visits), the participants in the present study were individuals and their exact behaviours cannot be itemised. Natural day-to-day variation in blood lipid parameters may have had an impact when examining small changes.
Conclusion
Non-pharmacological therapies for lowering serum LDLcholesterol levels are an essential part of reducing the risk of CHD, which remains a leading cause of morbidity and mortality worldwide. The addition of foods fortified with plant sterols into the daily diet can significantly reduce cholesterol levels independently of background dietary intakes, and the introduction of these foods has offered another dimension for the dietary management of cholesterol. Consumption of RBOS significantly reduced TC, LDL-cholesterol and total:HDL-C compared with consumption of SS. PS produced a greater reduction in the cholesterol parameters measured but is observed to contain much higher concentrations of plant sterols. RBOS has therefore been shown to be an effective alternative method for reducing lipid parameters, presenting the consumer with a more economical choice of plant sterol-based spread. Additionally, this product may have further as-yet unidentified health benefits arising from its other bioactive compounds (g-oryzanol, tocotrienol and tocopherols), found in the unsaponified fraction. This aspect of RBO products requires more investigation.
Further research is required to explain the lack of a hypercholesterolaemic effect when RBOS was consumed in conjunction with the RBO. The higher amounts of plant sterols consumed by individuals when combining test products did not affect cholesterol parameters, suggesting that there may be some effects resulting from the method of cooking or unreported compliance issues that need addressing. However, the results of the present study, supported by other investigations into the cholesterol-lowering effect of plant sterol and stanol products, provide significant evidence that these compounds are an effective and safe adjunct to diet-controlled therapy, which can produce clinically significant reductions in LDL-cholesterol in people with mild to moderate hypercholesterolaemia.
